Functional brain imaging using near-infrared spectroscopy during actual driving on an expressway by Kayoko Yoshino et al.
ORIGINAL RESEARCH ARTICLE
published: 24 December 2013
doi: 10.3389/fnhum.2013.00882
Functional brain imaging using near-infrared spectroscopy
during actual driving on an expressway
Kayoko Yoshino1, Noriyuki Oka1, Kouji Yamamoto2, Hideki Takahashi3 and Toshinori Kato1*
1 Department of Brain Environmental Research, KatoBrain Co. Ltd., Tokyo, Japan
2 Department of Environment/Engineering, Tokyo Branch, Central Nippon Expressway Co. Ltd., Tokyo, Japan
3 Department of Environment/Engineering, Central Nippon Expressway Co. Ltd., Nagoya, Japan
Edited by:
Nobuo Masataka, Kyoto University,
Japan
Reviewed by:
Yukiori Goto, Kyoto University, Japan
Anqi Zhang, Johns Hopkins
University, USA
*Correspondence:
Toshinori Kato, Department of Brain
Environmental Research, KatoBrain
Co., Ltd., 13-15-104, Shirokanedai 3,
Minato-ku, Tokyo 108-0071, Japan
e-mail: kato@katobrain.com
The prefrontal cortex is considered to have a significant effect on driving behavior, but
little is known about prefrontal cortex function in actual road driving. Driving simulation
experiments are not the same, because the subject is in a stationary state, and the results
may be different. Functional near-infrared spectroscopy (fNIRS) is advantageous in that
it can measure cerebral hemodynamic responses in a person driving an actual vehicle.
We mounted fNIRS equipment in a vehicle to evaluate brain functions related to various
actual driving operations while the subjects drove on a section of an expressway that
was not yet open to the public. Measurements were recorded while parked, and during
acceleration, constant velocity driving (CVD), deceleration, and U-turns, in the daytime and
at night. Changes in cerebral oxygen exchange (COE) and cerebral blood volume were
calculated and imaged for each part of the task. Responses from the prefrontal cortex and
the parietal cortex were highly reproducible in the daytime and nighttime experiments.
Significant increases in COE were observed in the frontal eye field (FEF), which has
not been mentioned much in previous simulation experiments. In particular, significant
activation was detected during acceleration in the right FEF, and during deceleration in
the left FEF. Weaker responses during CVD suggest that FEF function was increased
during changes in vehicle speed. As the FEF contributes to control of eye movement
in three-dimensional space, FEF activation may be important in actual road driving. fNIRS
is a powerful technique for investigating brain activation outdoors, and it proved to be
sufficiently robust for use in an actual highway driving experiment in the field of intelligent
transport systems (ITS).
Keywords: fNIRS, driving, frontal eye field, outdoor brain activation, acceleration, deceleration, constant velocity
driving, U-turn
INTRODUCTION
Driving a vehicle requires use of the higher brain functions such
as planning, decision-making, and visual attention, for basic driv-
ing operations as well as driving safety. It has been suggested that
white matter lacunar infarcts in the frontal lobe might be a pre-
dictor of traffic crashes (Park et al., 2013). The function of the
prefrontal cortex is thus considered to be significant in driving
behavior. The “Global status report on road safety” prepared by
the WHO (2009) reported that the number of traffic fatalities has
remained constant or declined slightly in the developed coun-
tries, but it has increased in most countries. According to a public
report in Japan (National Public Safety Commission and National
Police Agency, 2013), the number of traffic accidents and result-
ing injuries has declined in the past few years on ordinary roads,
but it has increased on expressways.
Under these circumstances, from the point of view of orga-
nizations responsible for highway construction, lighting, signage,
and the like, one goal of a study of this kind is the poten-
tial development of an evaluation system capable of examining
physiologically the effects on the brain of highway design, and
identifying ways to improve the ease of driving and highway
safety. This requires a technique capable of obtaining information
that is potentially useful for improving traffic safety by imag-
ing brain activation while the subject is driving a vehicle. In the
field of neuroscience, however, which has been developed through
experiments indoors, there has been little development of tech-
niques suited for outdoor activities, where the subjects engage in
dynamic activities such as driving a vehicle. Driving simulation
experiments have therefore been used to image brain activa-
tion related to car driving. The involvement of the prefrontal
cortex in driving behavior has been reported in functional mag-
netic resonance imaging (fMRI) studies (Graydon et al., 2004;
Horikawa et al., 2005; Calhoun and Pearlson, 2012). However,
these experiments were performed in conditions that differed
from actual driving, such as pushing buttons (Graydon et al.,
2004) and operating a joystick (Horikawa et al., 2005). Technical
problems remained in experiments where the simulation envi-
ronment included a pedal and a steering wheel (Calhoun and
Pearlson, 2012; Schweizer et al., 2013); namely, the human sub-
jects were in a supine position, while the fields of view and
depth from the driver’s seat were smaller than during actual
driving.
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Functional near-infrared spectroscopy (fNIRS) has attracted
attention in this field, and driving simulation experiments have
been conducted using fNIRS with the subjects in a sitting posi-
tion (Yanaginuma et al., 2007; Watanabe et al., 2011; Tsunashima
et al., 2012). However, it is difficult to reproduce the various
effects on the body such as gravity, and it is still unclear how the
brain functions while driving on an actual road. Compared with
an ordinary road, an expressway provides fewer changes in the
background, because of the unobstructed view. However, driv-
ing speeds are much greater on an expressway and the speed
differentials during acceleration or deceleration are higher than
those on ordinary roads. In simulation experiments, the sub-
jects are in a stationary state, and there have been no reports on
brain activation when a subject is actually driving on an express-
way. Accordingly, we conducted this first study to detect the
brain activation of drivers as they drive on an actual expressway.
Vehicle-mounted fNIRS equipment was used to obtain measure-
ments, and brain activation was imaged during various driving
operations, with the goal of acquiring basic data during actual
highway driving. After recording the brain activation during
operation by normal adult drivers in daytime and nighttime con-
ditions, we investigated the sites of the brain involved in highway
driving, that may be relevant in the development of traffic safety
measures.
METHODS
SUBJECTS
Twelve healthy adults participated in this study (eight males and
four females, average age: 33.3 ± 4.5 years). Using the Edinburgh
Handedness Inventory we confirmed that all the subjects were
right-handed. The subjects had no history of mental illness or
central nervous disorders, and took no medications on the day
of the experiment. Written consent was obtained from the par-
ticipants before enrollment in the study and the protocol was
approved in advance by the ethics committee at KatoBrain Co.,
Ltd. To ensure the safety of the experiments, the subjects reported
their physical condition and the amount of sleep they had the
night before the experiment. There were no reports of extreme
lack of sleep, and the experiments were conducted after the sub-
jects confirmed that they felt fine. The subjects’ average length of
driving experience was 11.8 ± 5.8 years. Their frequency of driv-
ing was 6.1 ± 1.6 times/week, and their frequency of expressway
driving was 4.5 ± 6.5 times/month. Only two subjects had expe-
rienced an accident (neither accident involved another vehicle or
any personal injuries), and the average number of accidents was
0.2 ± 0.4. The average number of traffic violations was 1.3 ± 1.3
times, mostly for speeding. Since recruitment of the subjects was
based on the conditions of age, right-handedness, and frequency
of driving on a daily basis, the subjects’ genders, their driving
histories, and their histories of violations and accidents were
completely random.
LOCATION OF THE EXPERIMENT
The experiment was performed in the Okitsu district, Shizuoka
Prefecture, Japan, on a section of the Shin Tomei Expressway
immediately before it entered service (Figure 1) (Yamamoto
et al., 2012; Kato et al., 2013). The installation of wall parapets,
pavement sections, and tunnel lighting had already been com-
pleted, so there were no problems with the safety of vehicle travel.
The experimental course was restricted to the passage of one vehi-
cle, so there were no vehicles present other than the test vehicle.
Guard personnel were stationed at each point on the experimen-
tal course and they monitored the status of the road. They could
immediately contact the test car using a transceiver if any danger
arose on the course, such as an animal intrusion.
As Figure 2A shows, the full length of the test course was
2875m, and it included a left curve (R = 5000) and a right curve
(R = 5000). The curves were moderate, so the subjects did not
need to engage in difficult handling operations while driving. The
slope of the course included a downhill gradient of 2.0% and an
uphill gradient of 2.0%, gradual slopes that the drivers hardly
noticed. The road width was 18.25m and there were two lanes
(3.75m wide) on each side. The test vehicle traveled in the left
lane, because traffic moves on the left in Japan.
EXPERIMENTAL PROCEDURES
For each subject, the experiment took place over 2 days for pre-
liminary trials and 2 days for the actual experiment. The daytime
and nighttime trials were performed on different days for each
subject, and the order of the experiments (day or night) was ran-
domized. In the preliminary trials, performed within 10 days of
the actual experiment, the subjects drove under the same condi-
tions as in the actual experiment except for the actual course, in
the test vehicle, wearing the fNIRS probe attachment. By the time
of the actual experiments, the subjects were used to the experi-
mental environment, and none of the subjects complained of any
stress.
Diagrams of the different parts of the task are shown in
Figure 2A. The task comprised 7 parts (A–G), and one trial con-
sisted of this series A–G. The subjects performed three trials each,
in the daytime and at night, on different days.
In A, the test car remained stationary for about 25–30 s in
the parking mode of the automatic transmission, with the engine
started and the parking brake set. The subject remained in a rest-
ing state in the driver’s seat. In B, which measured 261m, the
subject accelerated to 100 km/h. The automatic transmission and
the parking brake were operated by the experimenter, who rode
in the passenger seat. A traffic cone was placed at the end point
of B. In C, constant velocity driving (CVD) was maintained at
100 km/h inside a tunnel. After around 5 s at the beginning of C,
while the subject adjusted to the feel of 100 km/h, the speedome-
ter was hidden to prevent excessive attention to speed. To ensure
the safety of the experiment, the speedometer could be seen by
the experimenter in the passenger seat, who was to instruct the
subject to abort the trial if the speed exceeded 125 km/h (no trials
were actually aborted). CVD was continued outside the tunnel in
D, and then in a tunnel again in E. F was the deceleration section
of the course, indicated by a sign placed at the starting point of
F, and G was a U-turn at the end of the test course. As Figure 2B
shows, a tarpaulin was laid down in the area of the road desig-
nated for the U-turn, and the subjects were instructed to make a
U-turn on the tarpaulin and then stop.
The study included daytime and nighttime trials, and the
results in sections A, B, D, F, and G were analyzed under
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FIGURE 1 | Location of the experiment. Location of the Shin Tomei Expressway, showing the experimental course.
conditions of natural light (i.e., no additional light). C and E
included artificial light in the tunnel, so they were excluded
from the analysis. The average vehicle speed in CVD (section D)
was 99.9 ± 10.2 km/h in daytime and 98.0 ± 8.6 km/h at night,
showing that the constant vehicle speed was maintained. The
average times for driving each section of the course were: accel-
eration, 17.1 ± 0.3 s in daytime and 17.4 ± 0.3 s at night; CVD,
36.1 ± 0.6 s in daytime and 36.0 ± 0.6 s at night; deceleration,
41.6 ± 1.1 s in daytime and 40.1 ± 1.9 s at night; and U-turn,
28.9 ± 1.0 s in daytime and 31.9 ± 1.0 s at night. There were no
significant differences between day and night in any part of the
course. While the vehicle was parked, data for 21 s before starting
were analyzed.
The subjects performed 1–3 practice drives for the daytime
and nighttime trials before putting on the fNIRS probes. The
number of practice drives was determined by the subjects them-
selves, who were asked after each practice drive whether they
wanted any more practice. The experimenter accompanied the
subject on each practice drive, and practice sessions were added
if the CVD velocity was not stable. None of the subjects needed
more than three practice drives.
EXPERIMENTAL EQUIPMENT AND MEASUREMENT PROCEDURES
Experimental vehicle
A van (“Hiace,” made by the Toyota Motor Corporation;
ordinary vehicle classification, with super long, high roof
specifications) was used in the experiment (Figure 3A). It is a
two-wheel drive, gasoline-powered vehicle with four-speed auto-
matic transmission. A global positioning system receiver and a
vehicle speed pulse counter were installed for recording position,
speed and acceleration.
fNIRS apparatus
A multi-channel fNIRS system (FOIRE-3000, Shimadzu
Corporation) was mounted in the vehicle and used to measure
hemodynamic responses (Figure 3B). The equipment irradiated
three wavelengths of NIR light (780, 805, and 830 nm) to the cere-
bral cortex, and monitored changes in the hemoglobin (Hb) con-
centrations. Sampling intervals for measuring changes in the con-
centration of Hb were set to 70ms. Conversions from absorbance
to Hb concentration changes were performed in the apparatus
using the method of Matcher et al. (1995), and measurements
were performed in continuous mode. Location-related triggers
were entered by an experimenter sitting in the passenger seat, at
points indicating the beginning of each section of the course.
The fNIRS device was securely attached to the vehicle using
two bars installed behind the driver’s seat and a hook on the vehi-
cle floor. The probe line was also attached to the bars behind the
driver’s seat. Power was supplied to the fNIRS equipment by an
DC/AC inverter connected to the battery of the vehicle. To pre-
vent noise due to sunlight, the front and back of the device, where
the photomultiplier tubes are located, was covered with black
cloth, and the subject also wore a black hood after the probes were
attached to the head (Figure 3C).
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FIGURE 2 | The experimental field and the tasks. (A) The experimental
task. The shape of the road as viewed from above; a longitudinal view;
and a graph of the driving task and vehicle speeds in each section
of the course. (B) The U-turn task. A tarpaulin was laid down on the
road and the subjects were instructed drive on the tarpaulin during the
U-turn.
FIGURE 3 | The experimental vehicle and the fNIRS apparatus. (A) The
experimental vehicle. (B) fNIRS equipment mounted in the vehicle. The
equipment was secured to two bars attached to the vehicle, indicated by red
arrows. (C) The driver’s seat. A hood covering the subject’s head was
removed for the photograph. Probes were attached to the subject’s head in a
way that allowed for moderate changes in driving posture.
Channel arrangement and registration
The measurement areas were located on both sides of the pre-
frontal cortex, motor cortex, and parietal cortex. To ensure the
safety of the experiment, we did not measure the occipital lobe.
48 channels were set up using 16 irradiation probes and 16 detec-
tion probes (Figure 4A). The distance between the irradiation
and detection probes was 3 cm. The head attachment was placed
so that the center of the frontmost row was 3.5 cm above the
nasion.
When attaching the probes, first, the attachment was mounted
on the subject’s head, and then the hair was spread out carefully,
to expose the skin under each probe. The probes were adjusted
one by one so that they pressed the skin surface with a very
slight force. The setup was tested to confirmed that there was
no interference due to hair or improper contacts, and that the
quantity of light received was suitable for data measurement.
Figure 4B shows an example of raw data. As shown, the probe
settings were carried out with the utmost care to provide the
best possible signal-to-noise ratio over all 48 channels. No spiky
motion artifacts or artifacts due to vehicle vibration were visually
observed.
Positioning of the measurement points was confirmed by MRI
with the subject wearing the probe attachment cap fitted with
registration markers. MRI was conducted using 3D-T2 weighted
Frontiers in Human Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 882 | 4
Yoshino et al. Functional brain imaging while driving
FIGURE 4 | Channel arrangement and location registration. (A)
Attachment of probes, and channel numbers. (B) Raw data from a single trial
for one subject. Channels are arranged as shown in (A). (C) MRI was used to
verify the probe mounting position. (D) Straight lines connecting emitters and
detectors indicate channel positions. Curved lines show schematic
boundaries of the Brodmann areas. Numbers indicate the Brodmann areas as
confirmed by MRI. In this study, only the middle column was taken as the
median (Ch 3, 14, 25, 30, 33, 36, 40, and 47).
images with a 3 Tesla MRI (Philips Co., Achieva 3.0 Quasar Dual
3.0T-MRI). The sampling conditions used the spin-echo method,
TE 247ms, TR 2700ms, image size 250 × 250 pixels, slice thick-
ness 1.0mm in the sagittal direction, with an inter-slice gap of
0mm. The positions of the probes for all the sites measured
were confirmed based on the locations of the registration markers
(Figure 4C). Figure 4D shows the Brodmann’s areas (BA) having
the highest correspondence with each channel, from the MRIs of
all the subjects. The area measured in the prefrontal cortex cov-
ered BA10, BA9, BA8, and BA46. Measurement of BA4 and BA6
in the motor-related areas, and BA3, 7, and 40 in the parietal lobe
was also confirmed.
ANALYSIS
Index
We analyzed changes in oxyhemoglobin (O) and deoxyhe-
moglobin (D) as well as changes in cerebral blood volume
(CBV) and cerebral oxygen exchange (COE), both of which
were calculated from O and D. The relationship between O,
D, CBV, and COE is described below based on a secondary
square matrix (Yoshino and Kato, 2012).
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CBV (Equation 3) is an index of change in blood volume.
COE (Equation 4) is an index of oxygenation in the blood
vessels. A positive value for COE indicates hypoxic change
from COE = 0, whereas a negative value for COE indicates
hyperoxic change.
CBV = (D + O)√
2
(3)
COE = (D − O)√
2
(4)
Data processing and statistics
The D and O data were subjected to low-pass filtering at
0.1Hz to remove any high frequency components. COE and
CBV were calculated using these data. For each of these four
indicators, average changes per second for each section of the
course (excluding C and E) were determined for each channel.
In this process, changes within each section were calculated by
first setting the level to zero at the beginning of the section. A
total of 35 daytime trials and 36 nighttime trials were analyzed.
One daytime trial was excluded because the data did not record
correctly.
Analysis of variance with post-hoc multiple comparison tests
(Scheffe’s) were performed to compare average change values for
each index for the different sections of the course (at rest, accel-
eration, constant velocity speed, deceleration and U-turn), for all
the sites. These tests were applied separately to the daytime and
nighttime data. To investigate differences between the daytime
and nighttime experiments, an independent t-test was performed
for each part of the experiment. The level of significance was
set at 5%.
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RESULTS
CHANGES INO ANDD DURING ACTUAL DRIVING
Figure 5 shows functional images from the prefrontal cortex for
each section of the experiment. They show that the areas acti-
vated changed according to the driving operation. The functional
imaging results showed high reproducibility in the daytime and
nighttime experiments, despite the fact that they were performed
on different days.
ACCELERATION AND DECELERATION
Figure 6A shows functional images of CBV data during accel-
eration and deceleration. Table A1 (Appendix) shows the results
of the comparison of CBV between the parts of the exper-
iment. In the bilateral BA7 and BA40, the medial BA3, and
part of the medial BA6 (Ch 33), CBV increased significantly
more during acceleration than during deceleration in the day-
time. In the nighttime experiment, the significant differences in
BA7 and BA40 were reproduced, but the significant differences
in BA3 and BA6 disappeared. At night, CBV increased signif-
icantly more in the right BA46 and the right BA9 (Ch 17, 23),
compared to when the vehicle was parked. There were no sites
where CBV increased significantly more during deceleration
than during acceleration, either in the daytime or at night.
Figure 6B shows functional images of COE during accelera-
tion and deceleration. Table A2 (Appendix) shows the results of
comparison ofCOE between the parts of the experiment. In the
daytime, the areas with significant COE increases during accel-
eration were the left BA46 and part of the right BA6 (Ch 28). The
increase in COE in the left BA46 was reproduced in the night
experiment. In addition, COE increased significantly at night
in part of the right BA6 (Ch 23), part of the right BA9 (Ch 18),
and the right BA8. In these same sites, COE increased in the
daytime; these increases were not significant, but indicate repro-
ducibility between the daytime and nighttime experiments during
acceleration. In addition, both in the daytime and at night,COE
decreased significantly over a wide range in BA7 during acceler-
ation, compared with other parts of the experiment (Appendix,
Tables A2, A3).
In contrast, areas where COE increased significantly more
during deceleration than during acceleration were the medial
and the left BA8, the medial and part of the left BA6 (Ch
29, 33), and part of the left BA9 (Ch 20). These significant
differences were observed both in the daytime and at night.
Also, in the medial BA3 in the daytime, COE increased
more during deceleration than during acceleration (Appendix,
Tables A2, A3).
FIGURE 5 | Functional neuroimages of O and D during actual driving.
Functional imaging of O (A) and D (B) from the prefrontal cortex (Ch
1-27), during all parts of the experimental task. Dotted lines on the images
indicate the boundaries of the Brodmann areas shown in Figure 4D. The
images show that increased activation occurred in the same areas in the
daytime and nighttime experiments.
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FIGURE 6 | Functional neuroimages of CBV and COE from actual
driving, during acceleration and deceleration. Functional imaging of CBV
(A) and COE (B) from the prefrontal cortex (Ch 1-27), the motor-related
areas (Ch 28-36), and the parietal areas (Ch 29-48), during acceleration and
deceleration. Note that the prefrontal images and the motor-related and
parietal images are reversed on the left and right.
U-TURNS AND CVD
Figure 7A shows functional images of CBV data during CVD
and U-turns. Table A1 (Appendix) shows the results of the com-
parison of CBV between the parts of the experiment. In the
daytime,CBV increased significantly more during U-turns than
during parking in the right BA10 and part of the medial BA7
(Ch 47). At night, the significant difference in the right BA10 was
reproduced. CBV also increased significantly more during U-
turns than during parking in the right BA46 and part of the left
BA10 (Ch 10) at night.
Figure 7B shows functional images of COE. Table A2 shows
the results of comparison of COE between the parts of the
experiment. In the daytime, COE increased significantly more
during U-turns than during acceleration in the prefrontal cortex,
in the medial and left BA8, part of the left BA6 (Ch 29), and part
of the left BA9 (Ch 20). Among these areas, only the change in
the left BA8 was reproduced at night. In the motor-related areas,
COE increased significantly in the medial BA3 in the daytime,
and this was reproduced at night. In the nighttime experiment,
there was a significant increase inCOE across both sides of BA4.
In the parietal lobe,COE increased significantly in the right BA7
and part of the left BA7 (Ch 48) in the daytime. This response was
also spread widely across both sides and the medial BA7 at night
(Appendix, Tables A2, A3).
During CVD, there were no areas where CBV increased sig-
nificantly more than in other parts of the experiment in either the
daytime or nighttime experiments. COE, however, increased
significantly more during CVD than during acceleration in the
medial, the left BA8, part of the left BA6 (Ch 29), part of BA9 (Ch
20), and part of the right BA7 (Ch 43). Among these areas, the
changes in the left BA8, part of the left BA6 (Ch 29), and part of
the right BA7 (Ch 43) were reproduced at night.
CO-OCCURRENCE OF OXYGEN RESPONSES IN THE AREAS MEASURED
The results described in ACCELERATION AND
DECELERATION and U-TURNS AND CVD are summa-
rized in Table 1. Increased COE levels indicate hypoxic changes
in blood vessels in the pixels measured. The co-occurrence of
these increases in COE indicate areas recruited during specific
driving behaviors.
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FIGURE 7 | Functional neuroimages of CBV (A) and COE (B) during U-turns and CVD.
BA8 was involved in all 4 driving operations, and was detected
with the highest levels of significance of all the areas measured,
followed by BA7, BA6, and BA9. Among the 4 driving opera-
tions, deceleration and U-turns activated more brain areas than
acceleration and CVD.
FRONTAL EYE FIELD FUNCTION DURING DRIVING
Figure 8 shows changes in COE in both sides of the frontal
eye field (FEF, BA8), which showed the most involvement in the
driving operations. Differences in laterality were observed dur-
ing acceleration and deceleration. COE increased in the right
BA8 during acceleration, and in the left BA8 during deceleration
(Appendix, Table A4). Reproducibility in BA8 between day and
night was high, with no significant differences.
DISCUSSION
The results of the present study suggest that fNIRS may be an
effective technique for evaluating brain activity for the purpose of
obtaining objective feedback that can be useful in the construc-
tion or improvement of road structures. We were able to measure
brain activation during actual driving on an expressway using a
multichannel fNIRS systemmounted in a vehicle, where we found
that the activated areas varied according to the driving operation.
A previous fNIRS study investigated actual driving at 30–50 km/h
using two channels (NIRO-300) (Harada et al., 2007), but only
two sites were measured in the frontal cortex, and localization in
the frontal cortex was not clearly shown. The present experiment
is the first to image brain functional localization associated with
actual expressway driving.
We invested considerable time in preparing the subjects for
the experiment and paid particular attention to the safety of
the experiment, because we thought that driving while wear-
ing fNIRS probes might induce changes in heart rate and global
activation from the autonomic nervous system that would mask
localized function related to driving. This did not happen, and
the results we obtained showed statistically significant differ-
ences in brain functional localization while driving, and showed
a high degree of reproducibility in the daytime and night-
time experiments. The ability to perform actual road experi-
ments using fNIRS is potentially advantageous in field studies
for intelligent transport systems (ITS). In the future, fNIRS
may provide a means for re-evaluating conventional highway
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Table 1 | Areas where COE clearly increased () in each part of the
experiment.
Deceleration U-turn CVD Acceleration
Day Night Day Night Day Night Day Night
BA8 Right (24)  
Medial (25)    
Left (26)      
BA7 Right      
Medial   
Left      
BA6 Right (23)  
Medial (33) 
Left (29)     
BA9 Right (18)  
Left (20)     
BA4 Right (34) 
Left (35) 
BA3 Medial (36)   
BA46 Left  
Total 7 8 7 7 6 6 4 4
Numbers in parentheses are channel numbers. Areas without channel numbers
recorded increases in more than one channel.
design, and creating highways that apply less stress to the
brain.
CORTICAL ACTIVATION DURING ACTUAL EXPRESSWAY DRIVING
U-turns and deceleration mobilized more of the brain sites we
measured than did acceleration and CVD. During U-turns, there
were COE increases in BA3, BA7, and BA4, and these increases
were more robust during nighttime driving. This result may
reflect the association betweenmotor function and visual process-
ing required during the manipulation of the foot pedals and the
steering wheel (Uchiyama et al., 2012). The significant differences
observed in BA3 (the primary somatosensory area) and BA4 (the
primary motor area) at night during U-turns were not found in
the other parts of the experiment. This may be explained by poor
visibility at night for the complex manipulations of the foot ped-
als and the steering wheel required to back and turn the vehicle
when making a U-turn.
A localized increase in COE and a slight increase in CBV
occurred around the medial and the left BA8 during deceleration.
This is a situation in which increased blood supply accompanies
oxygen metabolism, showing enhanced FEF function. The fact
that activation in the parietal lobe increased more during decel-
eration also suggests that deceleration induces a wider range of
brain activation than acceleration.
During acceleration, COE increased markedly around the
right BA8 and in the left BA46 in the prefrontal cortex. The dorso-
lateral prefrontal cortex, which includes BA46, is considered to be
FIGURE 8 | Comparison of COE in the left and right BA8. Changes in
COE in the left BA8 (Ch 24, white) and the right BA8 (Ch 26, black). The
graph shows the results of the daytime experiments; the results of the
nighttime experiments were similar. (∗p < 0.05).
related to attention control during executive functions (Shallice,
1982). In the present study, the dorsolateral prefrontal cortex may
have been involved with internal monitoring to reach the target
speed within the distance provided. In BA7 (the superior pari-
etal lobule), COE increased in sections of the course other than
acceleration, whereas a global change characterized by a strong
decrease in COE and a strong increase in CBV was observed
during acceleration. This response during acceleration, in which
only blood volume increased with almost no increase in oxygen
metabolism due to neural activity (Yoshino and Kato, 2012), sug-
gests a decline in activation in the superior parietal lobule. Thus,
BA8 and BA46 were activated at the same time during accelera-
tion, just as BA8 and BA7 were simultaneously activated in other
parts of the experiment. BA46 is involved in the generation of eye
movements, and BA7 is involved in visual attention processing
that accompanies eye movement (Goldberg et al., 1991). Thus, it
can be hypothesized that acceleration requires attention control
and generation of eye movements under the motivation of the
dorsolateral prefrontal cortex for navigation, while visual atten-
tion processing in the superior parietal lobule is reduced. Indeed,
in order to reach the target speed of 100 km/hwithin the short dis-
tance of 261 m, the subjects had to depress the accelerator pedal
almost to full throttle. In a merging situation on an expressway,
possible new traffic safety measures may be based on the assump-
tion that although drivers have high internal control with respect
to their goal, their processing of external visual stimuli may be
reduced. This suggests that in other parts of the experiment, activ-
ity of the superior parietal lobule is increased, by the requirement
of greater spatial perception than that needed during accelera-
tion, and by the motor skills required to manipulate the brake,
the accelerator, or the steering wheel.
There was no strong activation area detected uniquely in the
CVD section of the course, although significant activation around
BA8 was detected, as in the rest of the course. There was little
need for handling operations on the CVD section of the course,
because it was a comfortable road with a brand new surface.
We considered the level of brain activation to be low because
only minimal movements were required to maintain the car’s
speed. Thus, when one is simply maintaining vehicle speed on
an expressway, one is likely to be driving with low awareness. The
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above results may be part of the physiological explanation for low
awareness driving.
FRONTAL EYE FIELD FUNCTIONS DURING EXPRESSWAY DRIVING
The FEF (BA8) is the area that was activated in all parts of the
experiment. It is known to be involved in voluntary eye move-
ments, unlike the primary visual cortex in the occipital lobe
(Fukushima et al., 2000; Pierrot-Deseilligny et al., 2004). The
FEF controls two movements: pursuit eye movements from side
to side, and vergence eye movements responsible for depth per-
ception (Gamlin and Yoon, 2000). Vergence is required more
in expressway driving, because it is almost straight with unob-
structed views, as was this experimental course. It has been
reported that the FEF is particularly important during the for-
mation of eye movement signals in three-dimensional space
(Fukushima et al., 2002). The detection of increased oxygen
metabolism in the FEF suggests that we were able to capture
activation associated with voluntary eye movement control in
three-dimensional space. Involvement of the occipital and pari-
etal regions in simulation experiments has been reported in
several studies (Walter et al., 2001; Horikawa et al., 2005; Spiers
and Maguire, 2007; Uchiyama et al., 2012), but there have been
few reports of localized activation in the FEF during driving. In
a visual simulation experiment without driving operations using
fMRI (Graydon et al., 2004), FEF activation was detected in a
task that required pushing a button in response to visual cues
displayed in a video of actual expressway driving as seen from
the driver’s seat. The present study resembled that study in that
it involved an actual expressway and not artificial road images.
We believe our results detected activation of the FEF during
three-dimensional processing or high speed visual processing.
Indeed, based on the COE increases we observed, activation
of the FEF was stronger during deceleration and acceleration than
during CVD or U-turns. We can hypothesize that the greater the
change in speed, the more strongly the FEF is activated. The fact
that the FEF was more strongly activated during the decelera-
tion and acceleration parts of the course than during CVD, where
there were rapid changes in the field of view at 100 km/h, sug-
gest a relationship between the magnitude of acceleration and the
activation of the FEF. In fact, MRI imaging has been reported to
show that a professional driver participating in Super GT races at
300 km/h had a bulging FEF (Sumida, 2009). We plan to investi-
gate the relationship between activation of the FEF and the speed
of acceleration in a future driving study.
We do not know whether this FEF activity is a response specific
to the driver of a vehicle, or whether similar activity occurs in the
brain of a person in the passenger seat, and this is an interesting
subject. It seems possible that when a person sits the passenger
seat and pays the same kind of visual attention as the driver, the
same brain activity in the FEF may be detected in the passen-
ger. This kind of control experiment was not performed in this
driving experiment, because of the difficulty of reproducing the
exact same vehicle behavior, to control the field of vision, with the
same subject in the driver’s seat and the front passenger seat. This
subject may be better approached in a driving simulation study.
COE increases occurred in the right FEF during acceler-
ation and in the medial and the left FEF during deceleration.
Rosano et al. (2002) showed that the right FEF was activated dom-
inantly during saccadic eye movements, although the neural basis
of the hemispheric difference remains unknown. Activation of
the medial BA8, which includes the supplementary eye fields, was
detected together with activation of the left FEF. The lateraliza-
tion of the FEF, and the connection between the supplementary
eye fields and the FEF are novel findings in this study, and will
require further consideration in the future.
BRAIN FUNCTIONAL INDICES FOR OUTDOOR EXPERIMENTS
There are many possible effects on the autonomic nervous sys-
tem in dynamic outdoor experiments, so they require an index
(or indices) that can accurately differentiate local activation
from global change. When brain function is evaluated based on
increases in O, it is difficult to differentiate functional changes
from effects of the autonomic nervous system and skin blood flow
(Takahashi et al., 2011; Kirilina et al., 2012). Functional localiza-
tion was poor in an earlier driving simulation experiment using
only O (Yanaginuma et al., 2007). In contrast, increases in D
can be used to precisely identify sites of neural activity (Ances,
2003). Small D increases such as the initial dip have been dif-
ficult to detect, but D increases are likely to occur with higher
load tasks (Rupp and Perrey, 2008), and their reproducibility is
also high, as we found in the present study.
In recent years, analytical approaches have been proposed that
use concentration changes in more than one Hb index to facili-
tate more precise functional diagnosis (Wylie et al., 2009; Yoshino
and Kato, 2012; Sano et al., 2013). COE, which was used in this
study, is similar the subtraction index of O and D that has
frequently been used as an index of oxygenation in fNIRS muscle
studies. The situation inside the blood vessels as it reflects neu-
ral activity has two components, oxygen metabolism and blood
volume, and they are both determined by the balance between
D and O (Kato, 2004). This means that the use of a single
index is likely to give rise to misdiagnosis. In fact, in the present
study, CBV increased markedly in the prefrontal cortex dur-
ing U-turns and in the parietal areas during acceleration, but
these increases were not accompanied by increase in COE. It
is highly possible that responses of this kind are merely increases
in blood volume, unaccompanied by oxygen metabolism from
neural activity. Evaluation of brain functional activation using
COE can be expected to provide new insights in driving stud-
ies, which have been previously been performed using BOLD and
O, because dynamic signals can be obtained even outdoors.
Research that has potential social application, such as in measures
for highway safety, urgently requires a reconsideration of indices
and analytical methods.
FURTHER STUDY
The present study clarified some brain regions of interest in the
context of traffic safety measures. In particular, it highlighted the
importance of the FEF during actual highway driving. There are
many visual stimuli on an expressway, such as road signs and
lights, and it is possible that devising visual stimuli that would
promote or alleviate activation in the FEF could play a part in
implementing road safety measures. The study also suggested that
the brain functional activation was low during CVD, and this
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suggests a need for road safety measures for avoiding driving
with low awareness. In addition, more areas were activated during
deceleration than during acceleration, suggesting that the coordi-
nation of more parts of the brain is required for deceleration. In
the future, evaluation systems such as that used in this study may
provide new suggestions for building safer roads.
Our analysis was focused on the changes during each part of
the course, and we did not consider baseline changes over the
entire course. There may be differences in baseline levels between
indoor simulation experiments and actual driving experiments,
when there is likely to bemore tension. In the future, it will proba-
bly be necessary to compare results of driving simulation tests and
actual road tests using the same course and the same indices, to
determine the physiological load attributable to actual road driv-
ing relative to the baseline level. This type of comparison should
elucidate differences between simulation experiments and experi-
ments performed outside the laboratory on actual roads, and help
to advance our understanding of brain function in the field of ITS.
Other possible subjects for additional study with larger num-
bers of subjects include investigation of age and gender differences
in brain activity related to driving. There were fewer females
than males in this study, not enough to calculate parametric dif-
ferences and withstand reproducibility, and gender differences
were not compared. Also, for the purpose of detecting underlying
fundamental data, the subjects were made comfortable with the
experimental environment through test runs and practice, and so
brain activity when driving in unfamiliar situations was not a part
of this study. Because mental tension likely increases on an unfa-
miliar road, and accidents can be caused by a driver’s inability
to predict the shape of the road ahead, this is another important
subject for investigation.
AUTHOR CONTRIBUTIONS
Kouji Yamamoto and Hideki Takahashi conceived the intelligent
transport systems (ITS) part of the study, and Toshinori Kato
designed the neuroimaging part of the study. Kayoko Yoshino
performed the experiments and analyzed the data together with
Noriyuki Oka; Kouji Yamamoto, and Hideki Takahashi provided
valuable help with ITS; and Kayoko Yoshino and Toshinori Kato
co-wrote the paper. All the authors discussed the results and
commented on the manuscript.
ACKNOWLEDGMENTS
This study was supported by Nagoya Electric Works Co., Ltd.,
who provided the environmental maintenance of the experimen-
tal course and guarding personnel to ensure safety. We would like
to give special thanks to Patricia Yonemura for English editing.
REFERENCES
Ances, B. (2003). Coupling of changes in cerebral blood flow with neural activity:
what must initially dip must come back up. J. Cereb. Blood Flow Metab. 24, 1–6.
doi: 10.1097/01.WCB.0000103920.96801.12
Calhoun, V. D., and Pearlson, G. D. (2012). A selective review of sim-
ulated driving studies: combining naturalistic and hybrid paradigms,
analysis approaches, and future directions. Neuroimage 59, 25–35. doi:
10.1016/j.neuroimage.2011.06.037
Fukushima, K., Sato, T., Fukushima, J., Shinmei, Y., and Kaneko, C. R. (2000).
Activity of smooth pursuit-related neurons in the monkey periarcuate cortex
during pursuit and passive whole-body rotation. J. Neurophysiol. 83, 563–587.
Available online at: http://jn.physiology.org/content/83/1/563.full.pdf+html
Fukushima, K., Yamanobe, T., Shinmei, Y., Fukushima, J., Kurkin, S., and Peterson,
B. W. (2002). Coding of smooth eye movements in three-dimensional space by
frontal cortex. Nature 419, 157–162. doi: 10.1038/nature00953
Gamlin, P. D., and Yoon, K. (2000). An area for vergence eye movement in primate
frontal cortex. Nature 407, 1003–1007. doi: 10.1038/35039506
Goldberg, M. E., Eggers, H. M., and Gouras, P. (1991). “The Ocular Motor System,”
in Principles of Neural Science, 3rd Edn., eds E. R. Kandel, J. H. Schwartz, and T.
M. Jessell (Connecticut: Appleton and Lange), 672–675.
Graydon, F. X., Young, R., Benton, M. D., Genik, 2nd. R. J., Posse, S., Hsieh, L.,
et al. (2004). Visual event detection during simulated driving: Identifying the
neural correlates with functional neuroimaging. Transport. Res. F 7, 271–286.
doi: 10.1016/j.trf.2004.09.006
Harada, H., Nashihara, H., Morozumi, K., Ota, H., and Hatakeyama, E. (2007).
A comparison of cerebral activity in the prefrontal region between young
adults and the elderly while driving. J. Physiol. Anthropol. 26, 409–414. doi:
10.2114/jpa2.26.409
Horikawa, E., Okamura, N., Tashiro, M., Sakurada, Y., Maruyama, M., Arai,
H., et al. (2005). The neural correlates of driving performance identi-
fied using positron emission tomography. Brain Cogn. 58, 166–171. doi:
10.1016/j.bandc.2004.10.002
Kato, T. (2004). Principle and technique of NIRS imaging for human brain
FORCE: fast-oxygen response in capillary event. Proc. ISBET 1270, 85–90. doi:
10.1016/j.ics.2004.05.052
Kato, T., Yoshino, K., Oka, N., Yamamoto, K., and Takahashi, H. (2013). “First func-
tional NIRS imaging of drivers’ brain during driving in Japanese ShinTomei
Expressway,” in The 19th Annual Meeting of the Organization for Human Brain
Mapping, (Seattle, WA).
Kirilina, E., Jelzow, A., Heine, A., Niessing, M., Wabnitz, H., Bruhl, R.,
et al. (2012). The physiological origin of task-evoked systemic arte-
facts in functional near infrared spectroscopy. Neuroimage 61, 70–81. doi:
10.1016/j.neuroimage.2012.02.074
Matcher, S. J., Elwell, C. E., Cooper, C. E., Cope, M., Delpy, D. T. (1995).
Performance comparison of severalpublished tissuenear-infrared spectroscopy
algorithms. Anal. Biochem. 227, 54–68. doi: 10.1006/abio.1995.1252
National Public Safety Commission and National Police Agency. (2013). Statistics
about Road Traffic. Available online at: http://www.e-stat.go.jp/SG1/estat/List.
do?lid=000001106841
Park, K., Nakagawa, Y., Kumagai, Y., and Nagahara, M. (2013). Leukoaraiosis, a
common brain magnetic resonance imaging finding, as a predictor of traffic
crashes. PLoS ONE 8:e57255. doi: 10.1371/journal.pone.0057255
Pierrot-Deseilligny, C., Milea, D., and Muri, R. M. (2004) Eye movement control
by the cerebral cortex. Curr. Opin. Neurol. 17, 17–25. doi: 10.1097/00019052-
200402000-00005
Rosano, C., Krisky, C. M., Welling, J. S., Eddy, W. F., Luna, B., Thulborn, K. R.,
et al. (2002). Pursuit and saccadic eye movement subregions in human frontal
eye field: a high-resolution fMRI investigation. Cereb. Cortex 12, 107–115. doi:
10.1093/cercor/12.2.107
Rupp, T., and Perrey, S. (2008). Prefrontal cortex oxygenation and neuromuscu-
lar responses to exhaustive exercise. Eur. J. Appl. Physiol. 102, 153–163. doi:
10.1007/s00421-007-0568-7
Sano, M., Sano, S., Oka, N., Yoshino, K., and Kato, T. (2013). Increased
oxygen load in the prefrontal cortex from mouth breathing: a vector-
based near-infrared spectroscopy study. Neuroreport 24, 935–940. doi:
10.1097/WNR.0000000000000008
Schweizer, T. A., Kan, K., Hung, Y., Tam, F., Naglie, G., and Graham, S. J. (2013).
Brain activity during driving with distraction: an immersive fMRI study. Front.
Hum. Neurosci. 7:53. doi: 10.3389/fnhum.2013.00053
Shallice, T. (1982). Specific impairments of planning. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 298, 199–209. doi: 10.1098/rstb.1982.0082
Spiers, H. J., and Maguire, E. A. (2007). Neural substrates of driving
behaviour. Neuroimage 36, 245–255. doi: 10.1016/j.neuroimage.2007.
02.032
Sumida, I. (2009). “Observations about the brain of a racing driver,” in Auto
Sport (In Japanese), ed S. Aritomi (Tokyo: San-Ei Shobo Publishing Co., Ltd.),
18–21.
Takahashi, T., Takikawa, Y., Kawagoe, R., Shibuya, S., Iwano, T., and Kitazawa, S.
(2011). Influence of skin blood flow on near-infrared spectroscopy signals mea-
sured on the forehead during a verbal fluency task. Neuroimage 57, 991–1002.
doi: 10.1016/j.neuroimage.2011.05.012
Frontiers in Human Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 882 | 11
Yoshino et al. Functional brain imaging while driving
Tsunashima, H., Yanagisawa, K., and Iwadate, M. (2012). “Measurement of
brain function using near-infrared spectroscopy (NIRS),” in Neuroimageing -
Methods, ed B. Peter (Rijeka: In Tech), 89–93. doi: 10.5772/908
Uchiyama, Y., Toyoda, H., Sakai, H., Shin, D., Ebe, K., and Sadato, N.
(2012). Suppression of brain activity related to a car-following task with
an auditory task: an fMRI study. Transport. Res. Part F 15, 25–37. doi:
10.1016/j.trf.2011.11.002
Walter, H., Vetter, S. C., Grothe, J., Wunderlich, A. P., Hahn, S., and Spitzer,
M. (2001). The neural correlates of driving. Neuroreport 12, 1763–1767. doi:
10.1097/00001756-200106130-00049
Watanabe, S., Takehara, I., Hitosugi, M., Hayashi, Y., and Yonemoto, K. (2011).
Cerebral activation patterns of patients operating a driving simulator after brain
injury: A functional near-infrared spectroscopy study. JJOMT 59, 238–244.
Available online at: http://www.jsomt.jp/journal/pdf/059050238.pdf
World Health Organization. (2009). “The state of road safety around the world,” in
Global Status Report on Road Safety: Time for Action (Switzerland: WHO Press),
11–18.
Wylie, G. R., Graber, H. L., Voelbel, G. T., Kohl, A. D., DeLuca, J., Pei, Y.,
et al. (2009). Using co-variations in the Hb signal to detect visual activation:
a near infrared spectroscopic imaging study. Neuroimage 47, 473–481. doi:
10.1016/j.neuroimage.2009.04.056
Yamamoto, K., Takahashi, H., Kameoka, H., Tago, K., Okada, W., Tsuji, M., et al.
(2012). “Verification of decline in the driver’s concentration due to the control
of light-emitting equipment,” in 19th World Congress on ITS (Vienna).
Yanaginuma, T., Tsunashima, H., Maruo, Y., Kojima, T., Itoh, M., and Inagaki, T.
(2007). “Measurement of drivers higher brain function in prefrontal cortex (In
Japanese),” in The Transportation and Logistics Conference, (Kawasaki).
Yoshino, K., and Kato, T. (2012). Vector-based phase classification of initial
dips during word listening using near-infrared spectroscopy. Neuroreport 23,
947–951. doi: 10.1097/WNR.0b013e328359833b
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 29 September 2013; accepted: 03 December 2013; published online: 24
December 2013.
Citation: Yoshino K, Oka N, Yamamoto K, Takahashi H and Kato T (2013) Functional
brain imaging using near-infrared spectroscopy during actual driving on an express-
way. Front. Hum. Neurosci. 7:882. doi: 10.3389/fnhum.2013.00882
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2013 Yoshino, Oka, Yamamoto, Takahashi and Kato. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Human Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 882 | 12
Yoshino et al. Functional brain imaging while driving
APPENDIX
Table A1 | Channels with significant differences in CBV between parts of the task according to a post-hoc test.
Part of task (I) Part of task (J) Brodmann’s area Ch. Mean diff. (I-J) F df P
PAIRWISE COMPARISONS
Day Acceleration Deceleration BA7, Med. 40 0.118 7.796 4 0.003
47 0.171 9.383 4 0.003
BA7, L 41 0.098 2.997 4 0.044
44 0.230 10.543 4 0.000
48 0.192 8.479 4 0.000
BA7, R 39 0.125 11.429 4 0.000
BA40, L 45 0.120 5.817 4 0.004
BA40, R 42 0.188 5.717 4 0.003
BA3, Med. 36 0.115 13.125 4 0.000
BA6, Med. 33 0.075 10.518 4 0.034
U-turn Parked BA10, R 2 0.164 5.672 4 0.002
7 0.118 4.204 4 0.004
BA7, Med. 47 0.137 9.383 4 0.029
Night Acceleration Parked BA46, R 6 0.137 6.436 4 0.001
BA9, R 17 0.108 3.898 4 0.006
23 0.103 4.587 4 0.017
Deceleration BA7, Med. 40 0.215 11.739 4 0.000
BA7, R 39 0.092 9.923 4 0.012
BA7, L 41 0.078 6.006 4 0.038
BA40, L 45 0.172 7.831 4 0.002
BA40, R 42 0.129 8.336 4 0.004
U-turn Parked BA10, R 2 0.124 3.054 4 0.026
BA46, R 1 0.134 3.845 4 0.012
6 0.117 6.436 4 0.007
BA10, L 10 0.131 3.231 4 0.017
Ch, channel.
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Table A2 | Channels with significant differences in COE between parts of the task in the daytime experiment according to a post-hoc test.
Part of task (I) Part of task (J) Brodmann’s area Ch. Mean diff. (I-J) F df P
PAIRWISE COMPARISONS
Acceleration Parked BA7, R 37 −0.193 10.946 4 0.000
39 −0.149 4.578 4 0.018
43 −0.200 11.107 4 0.000
CVD BA6, R 28 0.096 3.083 4 0.024
BA7, R 37 −0.153 10.946 4 0.000
43 −0.163 11.107 4 0.000
Deceleration BA7, R 37 −0.175 10.946 4 0.000
43 −0.188 11.107 4 0.000
U-turn BA46, L 5 0.207 3.721 4 0.009
11 0.293 8.166 4 0.000
BA7, R 37 −0.112 10.946 4 0.023
43 −0.122 11.107 4 0.015
CVD Acceleration BA8, L 25 0.131 12.902 4 0.001
26 0.219 14.245 4 0.000
BA6, L 29 0.141 8.760 4 0.015
BA9, L 20 0.145 11.693 4 0.002
BA7, L 48 0.264 7.140 4 0.000
BA7, R 37 0.153 10.946 4 0.000
39 0.136 4.578 4 0.044
43 0.163 11.107 4 0.000
Deceleration Acceleration BA8, Med. 25 0.206 12.902 4 0.000
BA8, L 26 0.298 14.245 4 0.000
BA6, Med. 33 0.088 3.426 4 0.015
BA6, L 29 0.218 8.760 4 0.000
BA9, L 20 0.218 11.693 4 0.000
BA3, Med. 36 0.086 5.910 4 0.022
BA7, L 43 0.188 11.107 4 0.035
48 0.229 7.140 4 0.057
BA7, R 37 0.175 10.946 4 0.033
39 0.150 4.578 4 0.043
U-turn Acceleration BA8, L 25 0.142 12.902 4 0.000
26 0.239 14.245 4 0.000
BA6, L 29 0.172 8.760 4 0.001
BA9, L 20 0.170 11.693 4 0.000
BA3, Med. 36 0.099 5.910 4 0.004
BA7, L 48 0.191 7.140 4 0.025
BA7, R 37 0.112 10.946 4 0.023
39 0.141 4.578 4 0.032
43 0.122 11.107 4 0.015
Ch, channel.
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Table A3 | Channels with significant differences in COE between parts of the task in the daytime experiment according to a post-hoc test.
Part of task (I) Part of task (J) Brodmann’s area Ch. Mean diff. (I-J) F df P
PAIRWISE COMPARISONS
Acceleration Parked BA46, L 5 0.202 13.818 4 0.000
11 0.170 12.449 4 0.016
BA7, R 37 −0.213 20.418 4 0.000
39 −0.225 6.868 4 0.001
43 −0.234 21.081 4 0.000
CVD BA46, L 5 0.211 13.818 4 0.000
11 0.190 12.449 4 0.005
BA8, R 24 0.272 5.372 4 0.012
BA7, R 37 −0.176 20.418 4 0.000
43 −0.198 21.081 4 0.000
Deceleration BA46, L 5 0.217 13.818 4 0.000
11 0.207 12.449 4 0.002
BA6, R 23 0.276 3.728 4 0.029
BA8, R 24 0.310 5.372 4 0.004
BA7, R 37 −0.170 20.418 4 0.000
43 −0.211 21.081 4 0.000
U-turn BA46, L 5 0.304 13.818 4 0.000
11 0.336 12.449 4 0.000
BA9, R 18 0.290 4.172 4 0.008
BA6, R 23 0.265 3.728 4 0.032
BA8, R 24 0.262 5.372 4 0.017
BA7, R 37 −0.238 20.418 4 0.000
43 −0.273 21.081 4 0.000
CVD Acceleration BA8, L 26 0.161 18.563 4 0.000
BA6, L 29 0.108 9.560 4 0.015
BA9, L 20 0.117 11.916 4 0.015
BA7, Med. 40 0.237 15.536 4 0.000
BA7, L 38 0.193 7.881 4 0.005
41 0.234 15.568 4 0.000
44 0.239 16.298 4 0.000
BA7, R 37 0.176 20.418 4 0.000
43 0.198 21.081 4 0.000
Deceleration Acceleration BA8, Med. 25 0.142 7.534 4 0.001
BA8, L 26 0.255 18.563 4 0.000
BA6, Med. 33 0.129 6.023 4 0.012
BA6, L 29 0.173 9.560 4 0.000
BA9, L 20 0.197 11.916 4 0.000
BA7, Med. 40 0.229 15.536 4 0.000
BA7, L 38 0.237 7.881 4 0.000
41 0.235 15.568 4 0.000
44 0.276 16.298 4 0.000
BA7, R 37 0.170 20.418 4 0.000
43 0.211 21.081 4 0.000
U-turn Acceleration BA8, L 26 0.101 18.563 4 0.030
BA3, Med. 36 0.087 3.552 4 0.048
BA4, L 35 0.243 3.674 4 0.036
BA4, R 34 0.119 4.756 4 0.007
BA7, Med. 40 0.282 15.536 4 0.000
(Continued)
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Table A3 | Continued
Part of task (I) Part of task (J) Brodmann’s area Ch. Mean diff. (I-J) F df P
BA7, L 38 0.219 7.881 4 0.001
41 0.209 15.568 4 0.000
44 0.243 16.298 4 0.000
BA7, R 37 0.238 20.418 4 0.000
39 0.223 6.868 4 0.001
43 0.273 21.081 4 0.000
Ch, channel.
Table A4 | COE in the left and right FEF.
Part of task t P
INDEPENDENT t-TEST
Right BA8-Left BA8 (daytime) Parked −0.467 0.642
Acceleration 5.965 0.000
CVD 0.048 0.961
Deceleration −2.314 0.024
U-turn −0.469 0.641
Differences were significant during acceleration and deceleration.
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